Hypoglycemia is common in patients with diabetes. The risk of hypoglycemia after acute kidney injury (AKI) is not well defined. The purpose of this study was to compare the risk for postdischarge hypoglycemia among hospitalized patients with diabetes who do and do not experience AKI.
Patients with chronic kidney disease (CKD) have a higher risk of hypoglycemia and related complications (1) (2) (3) (4) (5) . The latter is related to several factors including decreased renal gluconeogenesis, decreased clearance of insulin, and decreased clearance of antidiabetes drugs (6) . Acute kidney injury (AKI) is also a strong risk factor for hypoglycemia during critical illness (7) . However, it is not known whether the risk for hypoglycemia in patients with AKI extends beyond hospitalization and after apparent partial and/or full recovery of renal clearance. As the incidence of AKI is increasing rapidly in the U.S. (8, 9) and occurs most commonly in patients with diabetes and CKD (10) (11) (12) (13) , understanding the risk for hypoglycemia in this population is important to improving outcomes in the growing population of survivors with this condition.
In this study, we hypothesized that hospitalized patients who experienced AKI would be at increased risk for posthospitalization hypoglycemia compared with well-matched patients hospitalized without AKI. To test this hypothesis, we used a national Veterans Health Administration cohort to evaluate the risk of hypoglycemia in the 90 days after hospital discharge among patients with diabetes who experienced AKI compared with hospitalized patients with diabetes without AKI. We also examined how the risk of hypoglycemia varied with the degree of renal recovery at discharge, CKD status, and baseline HbA 1c .
RESEARCH DESIGN AND METHODS

Study Setting and Design
The Veterans Affairs (VA) uses an electronic health record, the Veterans Health Information Systems and Technology Architecture (VistA) and Computerized Patient Record System (CPRS), with nationally reliable data for the domains required for this study since 2002. This study involved a national retrospective cohort comprised of veterans 18 years of age and older with diabetes who filled a prescription for an antidiabetes medication (excluding metformin monotherapy and thiazolidinedione [TZD] users) in the 180 days prior to index hospitalization. The outcome of interest was time to hypoglycemia after hospital discharge. The exposure of interest was AKI that occurred during hospitalization. This study was approved by the institutional review board and the research and development committee of the Tennessee Valley Healthcare System VA.
Data Collection
Data were collected from 1 January 2002 to 31 December 2013 from the national Corporate Data Warehouse, which aggregates data from all VA facilities (14) . Data were obtained from 730 days prior to hospital admission to 90 days after discharge in order to establish medical conditions and exposures prior to admission and to monitor for outcomes after discharge. Detailed references for data domains and data field availability can be obtained from www.hsrd.research.va .gov/for_researchers/vinci/default.cfm. All VA laboratory data were obtained for each patient and linked to their hospitalization. Diagnoses were obtained from ICD-9, ICD-9 Procedure, and Current Procedural Terminology codes. Medications were obtained from outpatient VA pharmacy fill records and inpatient bar-coded medication administration.
Cohort Exclusion Criteria
We assembled a national retrospective cohort of 5,666,604 adult admissions to 120 VA hospitals between 1 January 2004 and 31 December 2012. We excluded patients without at least one outpatient visit in each of the 2 years prior to admission to enrich for continuity of care within the system. We excluded patient hospitalizations with lengths of stay ,48 h and .30 days because these patients were systematically different from the standard-length-of-stay population. Patients were required to have a preadmission creatinine value and one creatinine during hospitalization because these elements were required to ascertain AKI. We excluded patients with a history of end-stage renal disease, defined as a baseline estimated glomerular filtration rate (eGFR) ,15 mL/min/1.73 m 2 , a history of kidney transplantation, or any dialysis prior to admission. Information regarding end-stage renal disease was obtained from the United States Renal Data System, the fee basis care files, and the VA dialysis units' ICD-9 and Current Procedural Terminology codes. Patients on metformin monotherapy were also excluded, as metformin is usually stopped during an AKI episode and not historically associated with hypoglycemia. We also excluded TZD users, as they were not formulary in the VA system and TZD users represent a small elective group of the population. We excluded patients who were receiving hospice services from 30 days before to 48 h after admission and patients who received palliative care or died during hospitalization. Finally, we excluded VA hospitals with ,100 hospital admissions per year (Fig. 1) .
Study Definition of AKI
The exposure of interest, AKI, was determined using creatinine laboratory value data and dialysis procedure codes collected during hospitalization. AKI was calculated as a 0.3 mg/dL or 50% increase in serum creatinine from baseline to the maximum serum creatinine during hospitalization and staged according to the Kidney Disease: Improving Global Outcomes classification scheme, with stage II AKI denoted by a 2.0-2.9 times increase in serum creatinine from baseline and stage III AKI denoted by a .3.0 times increase from baseline or receipt of acute dialysis (15) . Baseline serum creatinine was defined as the mean outpatient serum creatinine value from 7 to 365 days before admission as per our previously validated approach (16) . Acute dialysis was defined using procedure codes for dialysis without the prior occurrence of dialysis before admission.
Primary Outcome: Hypoglycemia
Hypoglycemia was defined as an outpatient blood glucose measurement of ,60 mg/dL or occurrence of relevant administrative codes associated with a hospitalization or an emergency department visit due to hypoglycemia between discharge and 90 days. For hospitalizations, we included those only with a primary discharge diagnosis for hypoglycemia with ICD-9-CM 251.0, 251. Table 1 ). Medications and vital signs including blood pressure were recorded in both the preadmission and admission windows. Preadmission medication exposures were calculated using fill dates and pill counts allowing fill gaps of 90 days, which approximates 80% adherence (20) . Admission medications were recorded from the bar-coded medication administration records during the admission window. The medication regimens included glipizide only; glipizide and insulin; glipizide and metformin; glipizide, insulin, and metformin; glyburide only; glyburide and insulin; glyburide and metformin; glyburide, insulin, and metformin; insulin only; and insulin and metformin. For contrast studies, we were able to ascertain the order by radiology without confirming delivery. All covariates and their definitions are listed in Supplementary Table 2. eGFR was calculated using the Chronic Kidney Disease-Epidemiology Collaboration (CKD-EPI) equation (21) . Also, CKD defined by ICD-9 code 585.x was recorded as a separate variable.
Statistical Analysis
The primary analysis compared time to first hypoglycemic episode within 90 days postdischarge between patients hospitalized with and patients hospitalized without AKI. To account for measured confounding, we executed a two-stage approach that included 1) propensity score (PS) matching and 2) applying Cox proportional hazards (PH) with and without additional variable adjustment.
A PS was developed for the exposure of AKI and matched AKI patients to non-AKI patients stratified by the antidiabetes medication profiles and including other variables that are known to increase the risk for hypoglycemia such as baseline HbA 1c , history of prior hypoglycemia, and concomitant medication exposures of fluoroquinolones, indomethacin, and quinine. The PS score used a 1:1 matching with a caliper of 0.2 of the SD of the logit (22, 23) . Stratified matching by medication regimen was used to optimize matching within the medication regimens and reduced the variance. This often improves the representativeness of the sample by reducing sampling error. The overlapping histogram for each medication regimen is shown in Supplementary Fig. 1 . Standardized mean differences were used to assess covariate balance after matching. To address potential ascertainment bias, i.e., AKI patients getting more glucose measurements taken and thus being more likely to have a low measure observed, we included in the model the number of days with glucose measurements in the baseline year. As a sensitivity analysis to address potential remaining ascertainment bias, the percentage of days with glucose measures between discharge and 90 days or the day before a hypoglycemic eventdwhichever came firstdwas added for this sensitivity analysis to the PS model. This postdischarge rate of measurement is a postexposure variable, so it would have been inappropriate to include it in the primary analysis. Missing values for baseline HbA 1c , 1-year preadmission mean systolic blood pressure (SBP), and admission mean SBP were imputed using global mean imputation. The PS model included indicator variables for missing values and all variables noted above. Multiple imputation for PS ( 28.6%), 1-year preadmission mean SBP (0.2%), and admission mean SBP (2.1%) were imputed with multiple imputation using additive regression, bootstrapping, and predictive mean matching (25) . A secondary analysis was performed using the PS-matched cohort in the Cox model without additional covariate adjustment (unadjusted). The PH assumption was verified using a plot of raw and spline-smoothed scaled Schoenfeld residuals for AKI, nonlinearly coded from the Cox model fit. All analyses were conducted using R software, version 3.2.3 (R Foundation for Statistical Computing, Vienna, Austria).
Preplanned subgroup analyses were performed by stratifying on 1) degree of renal recovery defined as full recovery (20% of baseline), partial recovery (defined as 50% to 20% of baseline), and no recovery (defined as 50% of baseline or more) with non-AKI as the reference group; 2) baseline HbA 1c ,7% (53 mmol/mol), 7-9% (53-75 mmol/mol), .9% (75 mmol/mol), and missing, and 3) baseline eGFR ,60 vs. $60 mL/min/1.73 m 2 and preadmission antidiabetes drug regimen. NSAIDs, nonsteroidal anti-inflammatory drugs; RAAS, renin-angiotensin-aldosterone system. Standardized differences are the absolute difference in means or percentage divided by an evenly weighted pooled SD or difference between groups in number of SDs. In the PS-matched cohort, all standardized differences were ,10% (or 0.1), indicating good balance. *P experiencing AKI were more likely to be treated in the intensive care unit (ICU), diagnosed with severe sepsis, and undergo vascular surgery. After PS matching, our study cohort included 65,151 patients who experienced an AKI hospitalization and 65,151 with a non-AKI hospitalization.
In the matched cohort, all baseline characteristics were similar between groups, as noted by absolute standardized mean differences ,0.10. In both groups, 98% of patients were male and 72% were white, median age was 66 years (interquartile range [IQR] 60-76), baseline eGFR was 63.6 mL/min/1.73 m 2 (IQR 47.6-82.1), preadmission HbA 1c levels were 7.3% (IQR 6.5-8.4) (56 mmol/mol [IQR 47-68]), the average number of glucose measurements in the prior year was 5.8, and 9% of patients had a hypoglycemic episode in the prior year (26) ( Table 1) . Baseline medication regimen proportions were as follows: 15% on glipizide monotherapy; 4% glipizide and insulin; 11% glipizide and metformin; 3% glipizide, insulin, and metformin; 12% glyburide monotherapy; 3% glyburide and insulin; 11% glyburide and metformin; 3% glyburide, insulin, and metformin; 27% insulin only; and 10% insulin and metformin. Of the 65,151 patients with an AKI hospitalization, 45% had full recovery, 41% had partial recovery, and 14% did not recover. The baseline characteristics per group for the prematched cohort and the PS-matched cohort are shown in Table 1 .
Risk of Hypoglycemia for the Overall Cohort
In the 90 days after hospital discharge, 4,341 (7%) vs. 3,519 (5%) patients with and patients without AKI during their hospitalization, respectively, had a hypoglycemic event, corresponding to 29.6 vs. 23.5 events per 100 person-years (Table  2 and Fig. 2 ). In the unadjusted Cox PH model of the PS-matched cohort, the hazard ratio (HR) for hypoglycemia within 90 days of discharge for a patient with AKI compared with an otherwise similar patient without AKI was 1. 25 A dose-response relationship was observed with stratification by the degree of AKI recovery. The HR for hypoglycemia within 90 days of discharge for AKI patients with full renal recovery compared with patients without AKI was 1.18 (95% CI 1.12-1.25). The HRs for hypoglycemia within 90 days of discharge for AKI patients with partial renal recovery and no recovery compared with patients without AKI were 1.30 (95% CI 1.23-1.37) and 1.48 (95% CI 1.36-1.60), respectively (Fig. 3) . In subgroup analyses that evaluated the risk of hypoglycemia post-AKI, no differences were observed in the risk by the presence of previous CKD or by dif (Table 3) .
A subgroup analysis by drug regimen showed that the higher risk of hypoglycemia persisted for AKI compared with non-AKI for patients for all drug regimens (Table 4) . However, overall, the incidence . In general, any regimen with insulin had a higher incidence rate of hypoglycemia. Regimens with glipizide or glipizide plus metformin had the lowest rates of hypoglycemia. The incidence rates for each drug regimen are presented in Table 4 .
Hypoglycemia Event Defined as an Outpatient Glucose <50 mg/dL in the 90 Days Postdischarge When a hypoglycemic event was defined using a more strict definition as a glucose level ,50 mg/dL, the number of events was reduced substantially. However, the results of this sensitivity analysis were similar to those from the primary analysis. AKI was associated with a higher risk for hypoglycemia (HR 1.29 [95% CI 1.21-1.39]) compared with patients who did not experience AKI.
Other Sensitivity Analyses
Two other sensitivity analyses were conducted. First, to account for potential ascertainment bias during the follow-up period, we included the percentage of days with glucose measurements in the PS model. Results were consistent with A) Summary of patients, outcomes, and follow-up time for all analyses; B) risk of hypoglycemic event among patients who experienced an AKI episode during a hospitalization vs. those who did not experience an AKI episode within 90 days postdischarge; and C) sensitivity analysis using a more strict definition for the outcome, where hypoglycemia was defined as a glucose blood value ,50 mg/dL in the outpatient setting. Composite hypoglycemia event was defined as hospital admission, an emergency department visit for hypoglycemia, or an outpatient blood glucose value of ,60 mg/dL. PS-matched unadjusted Cox PH analysis controlled for confounding via matching only; PS-matched adjusted Cox PH analysis additionally controlled for confounding via direct covariate adjustment. Sensitivity analysis was performed using a more strict definition for the outcome, where hypoglycemia was defined as a glucose blood value ,50 mg/dL in the outpatient setting.
and similar to those from the primary analysis. In the adjusted Cox PH model of the PS-matched cohort, with adjustment for the variables included in the PS model, the HR was 1.26 (95% CI 1.21-1.32). The last sensitivity analysis was done restricting the analysis to individuals who had CKD at baseline, defined as two eGFR levels ,60 mL/min/1.73 m 2 more than 3 months apart (HR 1.23 [1.15-1.31], which was consistent with the HR for the primary analysis).
CONCLUSIONS
In this large national cohort of patients with diabetes on insulin or sulfonylurea monotherapy or in combination therapy, which could have included metformin, we demonstrate that patients with AKI are at significant risk for developing hypoglycemia in the postdischarge period (;7% in 90 days), with a relative increase in risk of 27% compared with similarly ill patients who did not experience AKI. Our findings remained robust after matching for several risk factors that could affect the risk of both hypoglycemia and AKI, and we demonstrated that the risk of hypoglycemia incrementally increases in a doseresponsive manner with less renal recovery at discharge.
The kidneys play an important role in glucose metabolism and insulin degradation. Isotopic dilution studies have demonstrated the renal cortex to be responsible for between 15 and 30% of total body gluconeogenesis (27) (28) (29) , and ,1% of the filtered insulin is freely excreted in the urine, with the catabolism of insulin and its precursors occurring primarily via peritubular uptake. Many of the medications used to treat diabetes, including insulin and sulfonylureas, are also at least partially cleared by the kidneys. Given these metabolic and care implications, it is no surprise that several randomized control trials have highlighted that the risk of serious hypoglycemia with tight glucose control in the outpatient setting is highest among patients with CKD (2,3). Hence, glycemic targets for CKD have already been modified to be less stringent to avoid the risk of this potentially life-threatening complication in the stable outpatient setting (30-33).
However, little is known about the risk of hypoglycemia after a hospitalization in patients with CKD or after an episode of AKI.
We hypothesized that patients with AKI may be at especially high risk for hypoglycemia after discharge. Patients with CKD and diabetes are at a higher risk of experiencing AKI (13), recurrent AKI (11), and delayed recovery compared with those without both conditions (13, 34) . During hospitalization, the risk of hypoglycemia in these patients may increase owing to variability in the timing and amount of nutrient intake, acute illness itself, a lack of counterregulatory mechanisms, and further decrements in kidney function that may not be appreciated (35) . Our results suggest that the risk for hypoglycemia, particularly among patients who have experienced AKI, are significant, extend beyond hospitalization, and place AKI survivors also at increased risk for potentially severe adverse events.
The number of patients with AKI are growing rapidly, with an estimated 10-11% increase in the annual population-based incidence of this disease, with a recent study estimating a hospitalbased incidence rate of 21.6% using current definitions (8, 9, 36) . Simultaneously, incremental improvements in in-hospital mortality have translated to a growing population of survivors (37) . With 21 million adult with diabetes and an estimated hospitalization rate of 267/ 1,000 patient-years in the U.S. according to Centers for Disease Control and Prevention estimates, this translates to an estimated 1.2 million AKI-related hospitalizations and potentially .20,000 AKIassociated hypoglycemic episodes per year. The American Society of Nephrology and other organizations have highlighted the transition of care between hospitalization and the outpatient setting as a potential opportunity to improve outcomes for a population for whom optimal care has yet to be defined (38) . Although the absolute risk and overall relative risk increase of hypoglycemia with AKI observed was modest, given the high incidence of AKI in hospitalized patients with diabetes, delineating the complications after AKI in patients with diabetes and identifying management strategies for minimizing the risk for hypoglycemia in this patient population should be a health care priority.
One potential contributor to our findings may be that the impact of AKI on diabetes drug metabolism or direct biochemical or filtration changes during AKI may have not been fully recognized. The stepwise increase in risk that we observed with lesser degrees of recovery also is consistent with this hypothesis. We did not have information available in our database on formal or informal (verbalized) changes to dosing of medication in the postdischarge period to examine in detail how practice patterns may have contributed to risk. However, we did observe that the highest rates of hypoglycemia were observed in patients with AKI on insulin-containing regimens, followed by glyburide-containing regimens, which are cleared to a greater degree by the kidneys. This, coupled with the stepwise increase in risk that we observed with lesser degrees of recovery, suggests that an appropriate review of medication choice and dosing is warranted among survivors of AKI on these medications. At minimum, these findings suggest that a careful assessment of hypoglycemic risk in patients with AKI, particularly among patients with prior hypoglycemia, underlying CKD, or AKI who have not recovered by discharge, is warranted. It also suggests that immediate reinstitution of a strategy toward tight control may not be appropriate for all patients immediately after AKI.
Our study had numerous strengths. We used a large national database that reflects the population of U.S. veterans. We had extensive preadmission data available to comprehensively define preadmission comorbidities. We had serial outpatient serum creatinine measures available to adequately define baseline eGFR prior to the index hospitalization. We used rigorous matching of AKI and non-AKI patients with a comprehensive list of potential confounders in addition to the adjusted analyses. We used a validated algorithm base on ICD-9 codes to define hypoglycemia (17) and performed a sensitivity analysis of the outcome defined as glucose value ,50 mg/dL, with very similar results. Limitations of our study include the use of a predominately male population and an inability to generalize to patients not on sulfonylureas or insulin. Our matched study design also raises the possibility that our matched populations differ from the wider population of hospitalized patients. Hypoglycemic episodes frequently also happen in the outpatient setting, and many patients have been trained to selftreat; hence, we may have underestimated the incidence of hypoglycemic events in the 90 days after an AKI episode. However, this poor sensitivity for the outcome should not be differential and would have biased our results toward the null. Newer methods of continuous glucose monitoring will improve capturing of outpatient hypoglycemia events that are self-treated, which are not currently available in the VA system. In addition, newer oral antidiabetes agents, particularly dipeptidyl peptidase 4 inhibitors, glucagon-like peptide 1 receptor agonists, and sodium-glucose cotransporter 2 inhibitors, which have lower hypoglycemic risk compared with other medications, were not included in this study, as most of them are nonformulary in the VA system. Lastly, although we applied an extensive set of strategies to address confounding and our postmatch risk estimates remained similar with and without adjustment, residual confounding remains possible and causality cannot be implied.
Conclusion
The risk of hypoglycemia, a complication that is associated with poor outcomes and death in patients with diabetes, is increased after an AKI episode and varies with the degree of renal recovery. This increase in risk compared with similarly Figure 3 -Adjusted HR for risk of first hypoglycemic event after a hospitalization complicated vs. not complicated by AKI, by degree of renal recovery. Degree of renal recovery stratified into full recovery (defined as 20% of baseline), partial recovery (defined as 20-50% of baseline), and no recovery (defined as 50% or more of baseline). Adjusted hazards were derived using Cox PH models. Models were adjusted for age, sex, race, physiologic variables (eGFR, HbA 1c , and SBP), history of prior hypoglycemia, number of encounters in the year prior to hospitalization, use of medications known to affect creatinine values (ACE inhibitors or angiotensin receptor blocker, loop diuretics, nonsteroidal antiinflammatory drugs, and aminoglycosides) or known to potentially affect the risk of hypoglycemia (indomethacin, quinine, and fluoroquinolones), exposure to potential nephrotoxins such as contrast, type of surgery, sepsis, ICU stay and length of stay, and the presence of other comorbidities. All continuous variables were modeled as third-or fourth-degree polynomials. Non-AKI hospitalizations represented the reference group. 
